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The design of a patch antenna working in E5 -L1 Galileo, 2.5 GHz and 3.5
GHz bands is discussed. Starting from a classical rectangular patch antenna with four resonant modes located around the required spectrum regions, the tuning of the operating frequencies is obtained by perturbing the perimeter of the antenna shape according to a pre-fractal Koch-like erosion process. In order to show the effectiveness and reliability of the synthesized structure, a selected set of numerical and experimental results are reported and discussed.
Introduction:
The growing diffusion of multiple telecommunication standards and wireless services has implied the development of radiating systems able to transmit and receive signals in several frequency bands. In such a framework, the use of multiple antennas, each of them working in a single different band, has been usually adopted. However, even though very simple, such a solution causes some problems due to the mutual coupling among radiators, low level of integration, and non-miniaturized dimensions. As a matter of fact, a more interesting solution is represented by the synthesis of a single integrated electromagnetic structure fully embedded in the electronic device (e.g., a mobile phone). Towards this purpose, there is the need to define a suitable reference geometry able to efficiently operate in the userdefined bands, but avoiding complex and/or expensive solutions.
Because of the vertical hemispherical radiation pattern, suitable for both satellite signals reception and mobile communications [1] , and the attractive geometrical features (i.e., low profile, limited weight, inexpensive fabrication process, and easy integration in electronic devices), patch shapes are certainly good candidates. Moreover, some researchers have shown that
proper perturbations of their original structures can be profitably exploited for improving both geometrical and electrical characteristics. For example, the use of an H-shaped geometry [2] or the adoption of a Koch fractal shape [3] [4] for a patch inverted F antenna (PIFA) [5] , have been proposed for miniaturization purposes. On the other hand, the introduction of slit cuts in the antenna geometry has been considered in [6] for tuning the resonant frequency and reducing the patch dimension.
Concerning fractal shapes, they have proved to be very effective not only in miniaturizing the antenna extension, but also in dealing with multiband requirements [3] [4]. In such a paper, the approach proposed in [7] [8] when dealing with monopolar antennas is extended to planar geometries for defining a low profile quad-band patch antenna.
Quad-band antenna design:
The quad-band antenna constraints were: The impedance matching condition has been experimentally verified by using the antenna prototype shown in Fig. 2 and by comparing the measurements with simulated data. As it can be observed, both simulated and measured results satisfy the project specifications and are in good agreement.
Moreover, also the radiation properties expressed in terms of gain diagrams are compliant with requirements. 
